By Walter S. White ABSTRACT Manganiferous rocks are found in two areas in eastern Aroostook County, Maine, one west and northwest of Presque Isle and the other south of Houlton. The manganiferous deposits are sedimentary lenses, up to 150 feet thick and half a mile long, in middle Silurian argilllte. The rocks of both areas are much deformed, but the deformation is less intense and the continuity of the deposits therefore greater in the Presque Isle area than in the Houlton area. The dip of the rocks at most deposits is steep to vertical.
Below the zone of oxidation the manganese occurs as carbonate and as the silicates braunite and bementite. These minerals are primary constituents of the shales and should continue downward to the limits of the sedimentary units that contain them. One deposit, which has been explored by drilling to an average depth of 130 feet, contains about 11 percent of manganese, but most of the deposits probably contain between 6.5 and 9 percent. There are many millions of tons of these manganiferOus shales in the county. Some of the deposits contain 20 percent or more of iron., mostly as hematite and limonite, and magnetite is abundant in the Houlton area.
In parts of the deposits above the water table about 30 percent of the manganese occurs as a heavy stain of secondary oxides along joints and parting planes. . The manganese oxides partly replace the primary rock minerals for a distance of 1 to 3 millimeters from cracks in the rock. At the one deposit from which drilling data are available, manganese oxides are found on only a few fractures below the water table, which is at a depth of 20 feet, and none were seen in rocks from below 45 feet. It is estimated that there may be over 1,700,000 tons of partly oxidized manganiferous shale in the region.
Some of the deposits are overlain by a thin zone, probably about a foot thick, that is richer in manganese than the underlying oxidized rocks. At the deposit explored by drilling, the average manganese content of the deposit as a whole is 76.4 percent of the average as determined from surface samples. The surface enrichment is believed to have taken place before the last advance of the Pleistocene ice, which may have scraped off the enriched part of many deposits. There are probably less than 100,000 tons of enriched rock in all the scattered deposits of the region.
There is a very much greater tonnage of low-grade unenriched manganlferous rock in Aroostook County, but it cannot be utilized until methods of extraction have been improved. show marked differences in thickness at different points along the strike (pi. 25), which suggests that they are lenslike.
If the nianganiferous zones were originally laid down as sedimentary layers that were continuous over large areas, the Tact would probably be apparent despite glacial cover and structural complications; it is believed, therefqre, that the manganiferous rocks were probably deposited as scattered small lenses.
Deposits associated with hematitic shale. The hematitic shale is interbedded with red, gray-green, and green argil- The rocks are stained at the surface with black manganese oxide, but in general the stain is not so dark as in the hematitic shales. There are fewer cracks and closely spaced bedding planes than in the hematitic shales, and consequently the amount of replacement by manganese oxide is less. The rock is partly replaced for as much as 3 millimeters from cracks in the carbonate layers but generally for not more than a millimeter in the chloritic layers.
Houlton area / General geology
In the Houlton area (pi. 26) geologic mapping was limited to the immediate vicinity of localities at which manganiferous rocks have been reported. The rocks in the small areas mapped are mostly green and gray phyllites and quartzitic phyllites, probably of Silurian age. Black graptolitic slate of Ordovician age was found at three places, but its relation to the Silurian rocks was not established. The manganiferous rocks are everywhere interbedded with gray phyllite, and at Westford
Hill they occur a short distance stratigraphically below a thick series of quartzitic phyllite beds.
The structure is complex, and its character is perhaps most graphically illustrated by the detailed map of Westford Hill and vicinity (pi. 28), an area of better than average exposure. In this area the major folds strike northwestward, plunge steeply to the east or southeast, and are slightly overturned toward .the southwest. Most of the dips recorded are to the northeast and steeper than 70°. These folds are cut by a set of faults, which strike north to northwest and seem to be reverse faults dipping steeply eastward. Along a later northeast-trending tear fault, of unknown dip, the north side seems to have moved relatively eastward about 1,200 feet.
All the rocks have a .well-developed fracture cleavage, which is generally vertical and strikes north to northeast. At many places the cleavage crosses the axial planes of major and minor folds at a high angle, and it is therefore believed to be younger than the folding.
The structure in other parts of the Houlton area is probably of the same type as that in the vicinity of Westford Hill. 
Manganese deposits
The manganiferous rocks of the Houlton area are interbedded with gray Silurian phyllite. The phyllite is not generally well stratified, and Its total thickness in the Houlton area is not known, but the part of it that contains all the manganiferous strata is about 300 to 1,000 feet in thickness.
Between the stratigraphic limits of the highest and lowest manganiferous beds there may be many manganiferous zones, sep- The thickness of the zone of enrichment may be expected to differ in deposits with different topographic setting. Rocks 3/ The holes were drilled at 45° to 40° from the horizontal, and samples taken from each 10 feet on the incline represent about 7 feet vertically. exposed on high knobby hills, particularly on the south or plucked sides, have probably been more severely eroded by the Pleistocene glaciers than less-exposed deposits. If the sur-\ face enrichment of the manganlferous deposits preceded the last glacial advance, as seems probable, the enriched zone may well have been stripped from many deposits that were exposed to vigorous glacial erosion. The manganese content of surface samples from such deposits is .probably more representative of the subsurface grade than are the surface samples from the Dudley farm. The writer saw no deposits that appeared to be less eroded than the one at the Dudley farm, but if such a deposit exists it might have a thicker zone of enrichment or might even be covered by a capping of leached rock.
RESERVES OP MANGANESE-BEARING ROCK
An estimate of the reserves at the larger deposits to the arbitrarily chosen depth of 10 feet is presented in table 5.
The poor exposures and lack of subsurface data prevent the precise delimitation of the individual deposits. Some idea of their size may be gained, however, from the few natural exposures, and even more from the trenches dug under the auspices of the State. Where trenching has removed the overburden the exact width of most deposits can be measured, and at a few places the width can be determined rather closely without trenching.. The length is more difficult to determine.
In giving estimates of reserves, the terms "indicated ore"
and "inferred ore" are used in somewhat arbitrary senses.
"Ore" signifies material that contains at least 7 percent manganese, although it is recognized that relatively small deposits of rock containing 7 percent manganese cannot at present be called "ore deposits" in the strict sense. Where two trenches are dug within a few hundred feet of each other and geologic conditions, such as uniform attitudes or Ten cubic feet of rock are assumed to weigh 1 ton. At most deposits, manganiferous rocks undoubtedly continue downward for many tens or hundreds of feet. The arbitrary depth of 10 feet has no relation to the zones of oxidation and enrichment at the different deposits; it is used solely as a convenient datum for tonnage estimates, without any implication that 10 feet is a limiting depth. The actual depth to which the manganiferous rocks might conceivably be mined at a given deposit might be greater or less than 10 feet, and would depend on the grade at depth, the method of mining, the chemical composition of the rocks, their structure, and possibly on other factors the effect of which cannot now be predicted.
The average manganese content of the surface rocks at various deposits, as presented in In summary, the probable reserves of manganiferous rocks can be roughly estimated from the data presented in table 5.
There are many millions of tons of rock in depth that contain from 6.5 to 11 percent manganese, mostly in the form of carbonate and silicates. If the average depth of oxidation is over 20 feet, there may be over 1,700,000 tons of oxidized rock, also containing 6.5 to 11 percent manganese; but in this rock about 30 percent of the manganese may be in the form of secondary oxides. Lastly, if it is assumed that the average thickness of the zone of enrichment is 1 foot, there are about 85,000 tons of rock in which the maximum content of manganese is 17.6 percent and the average content about 9 percent. Over 50 percent of this manganese probably occurs as oxide.
ECONOMIC POSSIBILITIES OP THE DEPOSITS
The deposits of Aroostook County have, in the aggregate, so large a volume that they constitute a potentially important source of manganese. In a discussion of economic possibilities, the three categories of manganiferous rock noted in the summary statement of reserves should be treated separately.
The manganese in the zone of surface enrichment is more abundant and in a form more suitable for economic extraction than that in the lower parts of the deposits. The total tonnage of enriched ore, however, is probably too small to be worth mining by itself. The deposits are scattered over a large area, and probably not more than one or two of them contains enough ore to justify the construction of a mill. In addition, an overburden of glacial drift that averages about 4 feet in thickness would have to be removed. The manganese-bearing material in the zone of oxidation, including the thin cover of enriched rock, is more promising.
There are more than 500,000 tons of such material, averaging 11 percent manganese, at the Dudley farm deposit alone. Mill Extraction of manganese from these rocks, however, is considerably more difficult than its extraction from the oxidized rocks. Whether it will be found practicable to mine the unoxidized manganiferous rock together with the oxidized will dejpend entirely on what new methods of recovery can be developed.
The abundance of iron oxide in the deposits suggests that they might be 'mined for manganiferous iron ore, as similar ores were mined at Woodstock, N. B., during the last century.
The high silica and phosphorus content of the ore and the intimate mineral intergrowths are probably unsurmountable obstacles to the production of a smelting ore under present market conditions, but iron might form a valuable byproduct of manganese extraction. The rocks of the Houlton area contain magnetite and coxild easily be so treated as to produce a highIron concentrate.
All of the larger deposits can readily be reached by roads, and none is more than 5 miles from a railroad siding.
FUTURE EXPLORATION
If the known deposits prove to be worth mining, additional ore deposits may be sought In two ways. First, the extent of the known deposits could be determined by trenching ,and drilling. Trenches should be put down to depths of at least 2 feet below the top of the bedrock, and a few test shafts would be advisable. Second, new deposits might be found along the projections of known deposits and within the stratigraphlc zones known to contain manganiferous rocks. Geophysical methods could very profitably be used in this work. As the manganiferous rocks of the Houlton area contain magnetite, they can be detected with a dip needle. In the railroad cut northeast of the trench, a layer of manganif erous rock about 20 feet thick is exposed. Three more out-« crops, all very small, were found between the trench and the highway 1,700 feet -to the south. The outcrops are not alined parallel to the strike of the rocks or to one another, a fact ( Other' deposits in the Presque Isle area » The Geological Survey party visited many deposits of manganiferous rocks exposed at other places in the Presque Isle area (pi. 24), but none of these deposits is equal to those described above in volume of ore exposed and probable manganese content, and they need not be described in detail. Further search for manganiferous rocks should be concentrated on the only two atratigraphic units known to contain them. Since most of the farmers in the region are aware of the possible value of the black-stained manganiferous rocks and are very helpful in imparting any information they may have regarding them, it is believed that all the important "bodies and most of the minor occurrences in the cultivated areas have been mapped.
Outcrops of sedimentary rocks are extremely rare and small in the adjoining wilderness. There, as one can see but a few yards ahead in the dense forest, search for outcrops would require many traverses spaced only a few feet apart, ai a cost that seems unlikely to be repaid. The rocks are highly folded and may be repeated in the trench.
As manganiferous rocks cannot be traced away from the knob, the deposit is probably s,m §ll. West of the knob, in a road cut 70 feet long, 7 feet of> manganiferous rocks are repeated several times by folding.
Linneus township (13)
The largest deposits seen in Linneus are on the west and southwest sides of the hill 2.2 miles N. 43° E. of the village.
GEOLOGICAL SURVEY BULLETIN 940 PLATE 28
Ordovician graptolite locality There are many outcrops of manganiferous rocks on the hill, but only one or two bodies of minable size. The largest is about 30 feet wide and has an average manganese content of 7.5 percent.
Other deposits in the Houlton area
In all, about 350 outcrops of manganlferous rocks were examined within the areas'indicated in plate 26. At the great majority of these outcrops the manganiferous beds exposed were only a few feet thick and could be traced for only a short distance, and these showings are therefore neglected in calculating tonnages of manganiferous material. Many of them, however, lie near the larger deposits on Hehderson and Westford Hills and on the hill in Llnneus. Small ore bodies that lie near large deposits probably could be mined. At best, however, the cost of mining very small ore bodies must prove relatively high.
Township C t Range 2
A locality on a. hill in Township C, Range 2, outside the area examined by the Geological Survey party, was visited by Mr. Eckstorm. Small samples collected by him had an average manganese content of 9.07 percent.
